Abstract: Micro X-ray computed tomography (micro-CT) is widely used in preclinical studies of small animals. However, due to the low soft tissue contrast, segmentation of soft tissues in the micro-CT image is a challenging problem. To gain a better understanding of the macroscopic anatomy of the mouse embryo, 3 fixation methods and 3 metal stainings were examined for micro-CT using C57BL/6J mouse embryos in the present study. The examination demonstrated that 1% acetic acid/95% ethanol fixative together with zinc staining provided a high contrast micro-CT image, enabling the segmentation of soft tissues. Then, using this condition, the macroscopic embryo structure of the nude mouse was examined, revealing lack of a thymus. It appears that micro-CT with the fixation and staining condition devised in the present study could be a powerful tool in detecting the effects of various mutations at embryonic stages.
Introduction
Noninvasive longitudinal monitoring of anatomy processes in small animal models using micro-computed tomography (micro-Ct) has gained increasing importance within the last decade [12] . Development of microCt has also allowed us to examine small-sized tissues such as mouse limbs [14] . thus, micro-Ct is now an important technology that provides knowledge of in vivo anatomy and mouse development. However, the low contrast in soft tissues is a limitation of the current micro-Ct technology. in order to overcome the low contrast in post natal mouse, injection of a radiopaque dye into an artery has been frequently used despite its high cost and experimental complexity [15] . Concerning the embryo, micro-Ct cannot be used to examine embryos because of the difficulty in circulating radiopaque dye to the embryo via the mother mouse, although examination of embryos by micro-Ct is considered to be helpful to investigate the embryo development of various mouse strains including mutants.
in the present study, to obtain better contrast Ct images of the mouse embryo, we examined various fixation conditions for tissues and staining with various metals. Furthermore, the fixative and metal staining conditions optimized in the present study were used for structural analysis of nude mouse embryos. the nude mouse was first described by Flanagan in 1966 [4] as "hairless" and, in subsequent studies, was demonstrated to show not only lack of fur development but also agenesis of the thymus, which were pleiotropic effects of the gene of the transcription factor Forkhead box protein N1 (Foxn1) [2-4, 11, 13] . Preliminary micro-Ct examination of nude mouse embryos demonstrated the lack of a thymus, which is consistent with earlier observations.
Materials and Methods

Mouse embryos
Eight-week-old male and female C57BL/6J mice, which were kept at the riKeN Bioresource Center (BrC) (http://www.brc.riken.jp/inf/en/index.shtml), were mated to produce embryos. when plugs were confirmed in females, the mice were euthanized by cervical dislocation at 12.5 days post coitum (dpc), and the embryos were collected.
For the analysis of the nu/nu phenotype, 8-week-old male and female BaLB/c mice with nu/+ (riKeN BrC) were mated to produce embryos with nu/nu, nu/+ and +/+. When plugs were confirmed in the female BALB/c mice, the mice were euthanized by cervical dislocation at 12.5 dpc, and the embryos were collected. the mice were kept under controlled environmental conditions with constant laminar airflow, a temperature of 20-23°C, humidity of 40-60%, and a 12/12-h light/ dark cycle. they were given access to standard laboratory chow and sterilized water ad libitum. all experiments were conducted in accordance with the protocol described in the "Guide for the Care and Use of Laboratory Animals of RIKEN Tsukuba Institute".
Fixation of mouse embryos
The embryos collected as described above were fixed in 4% paraformaldehyde (TAAB, Berks, England) in 0.1 M phosphate buffer (pH 7.4), in 2.5% glutaraldehyde (Kanto Chemical, Tokyo, Japan) in 0.1M phosphate buffer (pH 7.4) or in 1% acetic acid/95% ethanol solution for 60 min at 4°C in accordance with the standard procedures described previously [1] . The embryos thus fixed were transferred to a solution of 100 mM tris-HCl (pH 8.0) and kept in the solution at 4°C until micro-Ct analysis, metal staining or haematoxylin-eosin (He) staining.
Genotyping of mouse embryos
the genomic DNas were prepared from tail tissues of mouse embryos using a DNeasy Blood & tissue Kit (QIAGEN K.K., Tokyo, Japan). The genomic DNAs thus prepared were subjected to genotyping of the nu gene (Foxn1) according to standard procedures (http://www2. brc.riken.jp/animal/pdf/00357_PCr.pdf). Based on the genotypes, the embryos with nu/nu and +/+ were selected and used for further analysis.
Metal staining
Fixed mouse embryos were immersed in a solution of 100 mM zinc chloride (Wako, Osaka, Japan) (pH 8.0), 100 mM ferrous nitrate (Wako, Osaka, Japan) (pH 8.0), 100 mM molybdenum nitrate (Wako, Osaka, Japan) (pH 8.0), or 100 mM Tris-HCl (pH 8.0) for 60 min at room temperature, followed by washing and dehydration with 100% ethanol. Metal-stained mouse embryos were dried up naturally at 4°C and kept at 4°C until use.
Micro-CT analysis
the dried mouse embryos were subjected to micro-Ct analysis using a toHKeN-skyscan2011 scanner (MARS Tohken X-Ray Inspection Co. Ltd., Tokyo, Japan). Micro-Ct was performed under the following conditions: 30 kV, X-ray emission of 200 µa, resolution of 4.5 µm/pixel, and slice thickness of 4.5 µm. Photographing of each of the 900 slices was done using a CCD camera with an exposure time of 16 s.
Results and Discussion
Fixative conditions for micro-CT analysis
In order to examine the effect of fixative conditions for micro-CT analysis, 3 conditions, 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and 1% acetic acid/95% ethanol solution were examined. After fixation, the 12.5 dpc embryos were dehydrated by 100% ethanol and subjected to micro-Ct analysis. the results of the analysis are shown in Fig. 1 . the boundary of soft tissues in the embryos fixed with 1% acetic acid/95% ethanol solution was much clearer as compared with that in the embryos fixed with paraformaldehyde or glutaraldehyde. These findings demonstrated that 1% acetic acid/95% ethanol fixative is the best for CT analysis among the fixatives examined.
Fixative solution containing aldehyde residues has been shown to act as an intermolecular protein crosslinker. On the other hand, fixative solution containing alcohol has been shown to fix tissues in a nonadditive manner; alcohol exerts its effect by removing water molecules [5] . Based on these facts, it was suggested that fixation in a nonadditive manner and removal of water molecules from tissues were important to visualize clear boundaries of soft tissues in the micro-Ct image.
Metal staining condition in micro-CT analysis
In the examination of fixatives, 1% acetic acid/95% ethanol was found to be a suitable fixative for micro-CT analysis. However, absorbance of X-rays appeared to be similar among soft tissues, resulting in little contrast difference between tissues, though the boundaries of tissues were clear. then, we attempted metal staining to differentiate the contrast between tissues and, if possible, within tissues. For this purpose, we selected 3 metal ions, i.e., zinc, iron, and molybdenum ions, which have been shown to be indispensable for biological activity, and performed staining of 1% acetic acid/95% ethanol-fixed embryos with metal ions. three embryos were stained with each metal ion. Zinc staining was found to give differential contrast to various tissues as compared with the control (Figs. 2 and 3 ; see supplementary Fig. 1 for a more detailed 3D image at https://www.jstage.jst.go.jp/ browse/expanim), whereas iron and molybdenum ions produced, less differential contrast as compared with zinc ion (Figs. 4 and 5) .
Micro-CT analysis of nude mouse embryos twenty-one 12.5 dpc mouse embryos were obtained through mating of male and female BaLB/c mice with the nu/+ genotype, and fixed in 1% acetic acid/95% ethanol. Genomic DNA prepared from the tail tissues of the embryos was subjected to genotyping of Foxn1, revealing references 6, 7, 8, and 10 embryos with the nu/ nu, nu/+, and +/+ genotypes, respectively, which was consistent with the theoretical segregation ratio.
in order to minimize the developmental bias, 3 nu/nu and 3 +/+ embryos were selected from the same litter. the nu/nu and +/+ embryos thus selected were first subjected to He staining. the He stained sagittal sections of the embryos revealed that the nu/nu embryos contained no thymus, which is a feature of nu/nu mice [9] , whereas the +/+ embryos presented a normal tissues pattern (Fig. 6) . then, a nu/nu embryo and a +/+ embryo from the litter were stained with zinc and subjected to micro-Ct analysis. when the micro-Ct image of nu/nu embryos was compared with that of +/+ embryos, it was demonstrated that the nu/nu embryo contained no thymus, which was consistent with the observation with He staining.
in conclusion, we gained a high contrast image of the whole mouse embryo by micro-CT using 1% acetic acid/95% ethanol fixative together with zinc staining. In addition, micro-Ct was found to be useful for anatomical analysis of the nude mouse embryo. therefore, micro-CT with the fixation and staining conditions devised in the present study could be a powerful tool in detecting the effects of various mutations at embryonic stages.
